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Shortly after the discovery by Barkhausen of the discontinuous
nature of the magnetization process it was found that very small
magnetic discontinuities could be produced by purely mechanical
means. However, very little study was ever given to this "mechani-
cal Barkhausen Effect" and that little was hampered by crude ap-
paratus. On the other hand, a great deal of work has been done on
the larger magnetic discontinuities produced in the magnetization
process; the results of this work have here been reviewed on ac-
count of their bearing on mechanically induced phenomena.
Since it seems desirable to have some knowledge of the be-
havior of these small mechanically induced disturbances, a sensi-
tive apparatus has been built for the purpose of recording and
studying them. The apparatus producef and measures a continuously
variable vibrationless mechanical deformation, by a liquid load in
the case of tension and a pendulum in the case of torsion; the
magnetic disturbance in the wire sample, protected by a heavy shield
from stray disturbances, induces a voltage in a search coil sur-
rounding it. This voltage is very greatly amplified and then re-
corded by a special oscillograph of high optical efficiency and film
economy. 182880
'Pith this apparatus, mechanical Barkhausen Effect has been
recorded in a wide range of substances; any soft ferromagnetic
wire seems to show this Effect to the same order of magnitude.
Hard samples exhibit very many times less Effect than soft ones,
and substances that are only very slightly magnetic show none at
all. Positive magnetostriction seems to favor a large Effect. In
tension the Effect proves itself to be definitely an elastic one,
but in torsion it shows strong mechanical hysteresis. The magni-
tude of Effect is dependent, but not in a simple way, upon both rate
of deformation and total deformation of the sample. It is unaffect-
ed by reducing the field of the earth practically to zero, with the
aid of a specially designed spinning inductor, but disappears upon
heating the sample above its Curie temperature and reappears on
cooling, seeming to show no marked variation on cooling from the
Curie point to room temperature. A very rough calculation shows
the volume of the elementary magnetic domains changing their mag-
netization as units to be from about fifty to many thousand times
less than that found in the case of the magnetization process.
Strong continuous magnetic variations are also observed as effects
of varying strains.
A study of contemporary ferromagnetic theory reveals mechanical
strains as playing no small part in the determination of magnetic
behavior. The magnetic state of a magnetostrictive body is calcu-
lated in terms of the magnetic energy due to its mechanical strain.
This is a favorable situation for the explanation of mechanical
Barkhausen Effect, which can, in fact, be fitted very nicely into
an existing theory in most particulars. The Effect, being supposed
to be due to local internal magnetic fields in the sample, might be
3expected to be small and to be unaffected by small applied fields.
Hard substances, which are magnetically stable on this view, should
be difficult to excite to Effect. The dependence of Effect on
rate of strain and composition of sample has not been explained.
Neither has the existence of the strong continuous variations been
explained, though it is of fundamental importance to magnetic theory.
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A Study of Magnetic Discontinuities Produced by
Mechanical Deformation
Chapter I.
History
A brief glance at the previous work done on the
subject of discontinuities in magnetization seems the
best sort of preface and introduction to this descrip-
tion of the present study of magnetic discontinuities
produced by mechanical deformation. Curie many years
ago noted some indication that discontinuities of mag-
netization occur, but the real discovery of the defin-
itely discontinuous nature of the magnetization pro-
cess was made by Barkhausen during the world war and
announced by him in 1919.1
Barkhausen observed that, when a piece of ferro-
magnetic material is magnetized, a rustling or crack-
ling sound is produced in a telephone receiver con-
nected, through an amplifier, with a coil of wire
surrounding the material being magnetized. This sound,
indicating variations in the rate of change of flux
through the coil, shows that the magnetization process
is occurring non-uniformly and the sharpness of the
crackling in some cases shows that the changes in
2magnetization occur extremely rapidly. In fact, in
some later work Barkhausen was able to show that single
-6jumps occur in not more than 3 x 10 second. Barkhausen
in his first work noted that the effect is stronger
the softer (magnetically; "magnetic softness" implies
low coercive force and remanence and high permeability)
the sample and the smaller its diameter. He also noted
a strong hysteresis or lag in the effect; if the mag-
netizing field is first increased, then decreased and
then again increased, the effect ceases when the in-
crease ceases and does not appear on decrease unless
this decrease exceeds a definite value, nor does it
reappear on an increase following a small decrease
until the field reaches and passes the value from which
the decrease was begun. He ascribed this effect, since
known as "Barkhausen Effect", to essential discon-
tinuity of the nature of the magnetization process and
ascribed the appearance of strong apparently contin-
uous changes in magnetization in hard materials to
the extreme smallness of the discontinuities involved.
This view has been held by most later investigators.
Gerlach and Lertes, 2 '3 and van der Pol
independently performed the first thorough investi-
gations of the effect, finding it to occur in many
substances. Both noted the existence of very much
U'
smaller discontinuities produced by mechanical load-
ing of a ferromagnetic sample without the presence
of a magnetizing field, van der Pol showing them to
remain when the earth's field was roughly neutralized.
These discontinuities of mechanical origin will be
referred to hereafter as "mechanical Barkhausen Effect",
or in the later chapters, for brevity where no con-
fusion can arise, simply as "Effect"'. Both also found
the Barkhausen discontinuities to be concentrated on
the steep portion of the magnetization curves of the
substances they examined, vanishing near saturation.
Van der Pol found discontinuities to occur when
remanence is destroyed by heating. Gerlach and Lertes
found the temperature dependence of the Barkhausen
effect to be similar to that of magnetostriction
rather than to that of magnetization and further in-
vestigated dependence on form of sample,finding no
effect in very small samples (such as filings) and
none when field magnitude is constant as in a sphere
which has its magnetization reversed by rotation in
a strong field; also, a strong quenching of Barkhausen
Effect by a circular magnetic field was noted. They
also observed strong tones when a ferromagnetic wire
passing through their search coil was caused to
vibrate in a magnetic field; these tones have never
been adequately explained. Gerlach and Lertes con-
to be
sider Barkhausen EffectAdue to sudden equalization
of stresses due to non-uniform magnetostriction in
polycrystalline media, thus considering it a sort of
ttmagnetic tin-cry". Another school of opinion has
followed this view, which supposes the magnetization
process itself strictly continuous.
Zschiesche7 in 1922 made almost the only ex-
periments on mechanical Barkhausen Effect that have
been made prior to the present work. He found
mechanical Effect in soft iron wires placed trans-
versely in the earth's field, but did not succeed in
finding any Effect in other substances. He found
the mechanical Effect to occur in tension but not in
torsion and to be confined to a small range of stress
just after the onset of plastic deformation; he also
found this Effect to be much'stronger on the first
loading of a fresh sample than on subsequent loadings.
He also made the first measurements on magnetic
Barkhausen Effect in samples under mechanical stress,
finding results in complete accord with the magnetostrict-
ive properties of the materials investigated, includ-
ing a marked mechanical hysteresis of Barkhausen Effect
if the stress in the sample was made to exceed a certain
value.
The first oscillographic study of magnetic
Barkhausen Effect, made in 1924 by Tyndall,9 gave
the first valid evidence regarding the size of the
"coherent regions" reversing their magnetization as
units, the value found being about 10-6 cm.3 for two
samples of very different crystal grain size. Tyndall
also showed that the discontinuities are distributed
at random over the steep parts of the magnetization
cycle. He was the first to realize the possible im-
portance of eddy currents in affecting the observa-
tions of Barkhausen Effect, as well as in making
static hysteresis determinations inaccurate. In
1927, Tyndalll3 observed the mechanical Barkhausen
Effect in silicon steel with a cathode ray oscillo-
graph and found the discontinuities to occur equally
in both directions with very small amplitudes, a
magnetic field causing the appearance of much larger
uni-directional jumps. He suggested the statistical
superposition of individual atomic reversals as the
source of the observed discontinuities with the
object of thus accounting for the smallness of the
mechanical Effect, in which reversals in both
directions occur.
Forrer10 in 1926 found that with the proper
mechanical treatment-- annealing, stretching to
"rn-
rupture, bending lightly around a small pully and
placing in a fine capillary to constrain to straight-
ness-fine nickel wires can be made to reverse their
entire magnetization in one tremendous discontinuity,
thus including the entire sample, perhaps 0.01 cm.3
in a single coherent region. Gerlach" found at the
same time that strain-free single crystals of pure
iron show no mechanical Barkhausen Effect on elastic
deformation, but that after almost infinitesimal
plastic deformation, this Effect appears.
Pfaffenberger 14 found the distribution of
Barkhausen Effect over the magnetization cycle of a
given substance to resemble closely the distribution
of heat generation upon magnetization of the same sub-
stance. He found the total discontinuous change of
magnetization due to a given change in magnetizing field
to be independent of the time taken for the change,
though increased rate of change increases the size
and decreases the number of individual discontinuities.
He estimated the coherent regions to be about 3 mm.
long, but gave no estimate of their volume.
Heaps and his students 1 6 .,21 have observed magnetic
Barkhausen Effect magnetometrically, and observed sudden
changes in length of fine nickel wires occurring
simultaneously with the magnetic discontinuities. They
estimated a coherent region 2 mm. long containing 10~ cm.3 .
-E
Bozorth17 found that as rate of change of mag-
netization approaches zero the fraction of the change
of magnetization on the steep portion of the magnetiza-
tion curve occurring discontinuously approaches unity.
He ascribed the discordant results of many observers
to eddy currents, for which correction was usually
not made. In 1930, Bozorth and Dillinger20 estimated
carefully the coherent volume in a range of strain
free materials of widely different grain size, cor-
rectingfbr eddy current spreading, and found that,
while this volume varies over the magnetization loop,
its maximum value varies remarkably little between
materials, being of the order of 10~ 8 cm.3 in all
those tested. They also found small Barkhausen jumps
in the region near saturation where none had been
observed before for lack of sufficiently sensitive
apparatus. Bozorth2 6 has very recently measured
components of discontinuities in two directions and
so succeeded in determining the change of direction
of magnetization involved; the result is in accord
with the idea that discontinuous direction changes
occur between directions of easy magnetization. He
has also estimated the extension and shape of the
coherent regions and found their properties to be
compatible with a point form.
I. -
Preisach 9 in 1929 made a careful study of mag-
netic Barkhausen Effect, particularly in materials
under mechanical stress. He decided that the mag-
netization change near saturation is strictly con-
tinuous, the discontinuities occurring only on the
steep parts of the magnetization loop, and that the
type of Barkhausen Effect permits prediction of the
shape of the hysteris loop for different materials
but that the inverse deduction is not possible. He
found that simple elastic tension of positively
magnetostrictive nickel-iron alloys suffices to
permit reversal of saturation magnetization in one
jump, and so concluded that size of the coherent
regions can have no physical meaning. He observed
no such effect in iron, and found torsion to be
necessary for its production in nickel. He also
showed that these complete reversals, in a uniform
field, must occur in not more than 5 x 10-8 second.
Sixtus and Tonks23 have recently shown that such
large discontinuities may be caused to propagate
along stretched wires at velocities less than that
of sound.
Von Hippel and Stierstadt24,25 have recently
observed discontinuous axial electromotive forces in
ferromagnetic materials during magnetization which
9.
resemble Barkhausen Effect in sound. They have also
noticed axial electromotive forces giving pure tones
in vibrating ferromagnetic wires. They at first-
attributed these phenomena to "electron centrifuging",
but later came to doubt this explanation.
This hasty review of prior work makes no pretense
of completeness, but may serve to show the type of
observation usually made and the extraordinary lack
of agreement between various observers. Certain
generalizations may, however, be made with some degree
of safety. Most, if not all, of the magnetic Barkhausen
Effect in all materials occurs on the steep portion
of the magnetization curve and perhaps accounts for
the irreversible and energy dissipative nature of
this portion of the magnetization process. Barkhausen
Effect is extremely closely related to magnetostriction,
though the explanation of it as due to sudden equaliza-
tion of magnetostrictive stresses is of doubtful value
in view of the extreme rapidity with which the discon-
tinuities occur. The size of the regions acting as
magnetic units is largely independent of crystal size
in strain-free materials, but is tremendously influenced
by mechanical strains below the elastic limit. There
may or may not be truly continuous variations of mag-
netization; such variations are indicated by the pure
I.
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tones produced by mechanical vibration of ferromagnetic
materials. Very small discontinuities of magnetization
may be produced purely mechanically, but very little
is known of their properties.
It may thus be seen that some study of these small
mechanically excited discontinuous variations of mag-
netization is needed. Are they really independent of
magnetizing field? In what materials do they occur?
How do they depend on the mechanical deformation
used in their production? How do they depend on com-
position and mechanical state of various materials?
To what coherent volume does their magnitude correspond?
How do they behave at elevated temperatures? The
present work attempts to find at least rough answers
to these and other questions.
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Chapter II.
Apparatus
The apparatus necessary to observe and record
the extremely small magnetic disturbances comprising
the mechanical Barkhausen Effect divides itself into
four main parts: (1.) A device for producing and
measuring mechanical deformation of the ferromagnetic
samples. (2.) A means of converting the magnetic
disturbances produced into electrical disturbances
without interference from extraneous magnetic dis-
turbances. (3.) A means of increasing these electri-
cal disturbances to observable magnitude. (4.) A
means of measuring or recording them in some form.
Beside these, (5.) some means of producing a mag-
netically field-free region for the sample is
necessary if a test of the existence of mechanical
Barkhausen Effect is to be made. These five portions
of the apparatus will now be separately described in
considerable detail.
1. The Mechanical Loading Device.
The mechanical loading device has several
functions to fulfill. It must support the sample and
insulate it from mechanical vibration. It must pro-
duce and measure continuously variable deformations
both in tension and in torsion.
Brass
Suppor t
SampLe
V-4
Search CoiL
Wrought Iron
'Magnet c Shield
Wooden
' Frame
Torsion
Pendulum
Mercury Cups
Inner Tube
Floor
Fig. 1.
Sectional Sketch of Mechanical
Loading Device Arranged for Torsion
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Fig.1 shows the arrangement of the loading device
for torsion measurements. An upright wooden frame
supports in a vertical position the magnetic shield,
to be described below, and itself rests on a partially
inflated automobile inner tube, which provides very
satisfactory insulation against building vibration.
A brass disc, fitting the top of the magnetic shield,
bears a heavy brass rod which supports the ferromag-
netic sample, in wire form, on the axis of the shield.
The lower end of the sample supports a smaller brass
rod which carries at its lower end an adjustable
torsion pendulum bob. This bob, consisting of two
lead weights free to slide on a tubular aluminum
cross arm, is insulated electrically from the sample
by a hard rubber member but is in contact with a set
screw projecting from the bottom of this member. The
pendulum sweeps over a table, resting on the bottom
member of the main frame, which bears a set of
mercury cups located on the arc of a circle and
spaced at 0.1 radian intervals over a range of 1.8
radians, the center point of this range being dis-
tinguished by being halfway between two cups placed
close together. A slender rod at one end of the
pendulum cross arm makes contact with these mercury
cups while a central cup makes contact with the set
14
screw mentioned above. Thus the angular position of
the pendulum may be recorded at 0.1 radian intervals
by the closing of an electrical circuit, the center
of the swing being indicated by two impulses in rapid
succession. The sample, forming the suspension of
the pendulum, determines, with the position of the
weights on the cross arm, the period of the pendulum,
and the elastic hysteresis of the sample largely
determines the decrement of the pendulum vibrations.
For tension measurements, the bottom of the
shield is provided with a brass disc bearing an
electrically insulated axial guide for the lower
rod attached to the sample, and also bearing an
optical lever extensometer. This extensometer con-
sists of an arbor mounted on point bearings, carrying
a galvanometer mirror and rotatable by a silk fish
line wrapped around it and attached to the brass rod
from the sample, the line being held taut by a
helical spring around the arbor tending to wind the
line onto the latter. This mirror reflects light
from a flashlight lamp mounted on one of the uprights
of the main wooden frame onto a scale mounted on the
same upright. A single lens images a paper point,
pasted to the flashlight lamp, on the scale. The
scale is a Cenco paper scale soaked in paraffin,
which makes it sufficiently translucent for back
illumination. This very simple optical system has
performed in a most satisfactory manner; the strain
measurements obtained from it are recorded manually.
The tension is produced by replacing the pendulum
bob with a bottle partly filled with water, floating
in a closely fitting tank from which the water may
be drained. (The contact table is, of course, re-
moved for tension measurements.) The tension is
measured by an inverted-U manometer measuring the
level difference in tank and bottle, and is recorded
manually. This liquid loading device has seemed
necessary in order to provide sufficiently smooth
variation of load, and has proved satisfactory except
for some tendency to slow oscillation of the mass
of the load supported by the elastic sample. It has
been possible to load some of the samples to rupture.
Each sample is mildly annealed in place in the
loading system, for the sake of uniformity, by being
heated to redness by an electric current.
2. The Search Coil and Magnetic Shield.
The most convenient way to observe the magnetic
discontinuities produced by mechanical deformation of
the samples is to convert them to electrical impulses,
as the original magnetic variations are far too small
15
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to be observed by any of the magnetometric methods
applied to magnetic Barkhausen Effect. The obvious
means of conversion is a search coil surrounding the
sample as an axis; this is the method which was used.
After several attempts to make a very compact coil of
a large number of-turns of very fine wire had failed
due to wire breakage in winding, resort was had to a
manufacturer's spool of number 44 B.&S. single silk
and enamel covered copper wire. The coil, comprising
about 20000 turns of wire, is about 7 cm. long and
1.5 cm. inside diameter. The bore of the wooden spool
is slightly under 1 cm.; this large size, while
probably decreasing the sensitivity of the search coil
somewhat, protects it from being burned by the sample
during the process of annealing the latter. A dis-
tinctly unfortunate property of this means of ob-
servation is the dependence of the observed quantity,
electromotive force, on rate of change of magnetization
rather than on magnetization directly; however, if
this initial amplification due to the extreme rapidity
of the changes were not present, these extremely
minute variations would probably not be observable at all.
As the magnetic discontinuities which it is desired
to observe are so extremely minute, they may very easily
be hidden by stray magnetic variations, which ate always
Ipresent in the Institute to a very large extent. There-
fore, the region of the sample must be shielded against
such disturbances; while such shielding is ordinarily
considered very difficult, it has been accomplished
very easily in this case. The shield used is in the
form of a long, narrow cylinder with very thick walls
of mild steel, the ends being left open. The cylinder
is a three foot length of "double extra heavy" steam
pipe of 4 inch outside diameter, having walls 3/4
inch thick. At the center of the shield, where the
search coil is held by two bakelite discs, no field
variation as great as 0.01 gauss per second remains
even when variations more than a thousand times as
great are present outside the shield. The reason for
the rather extraordinary efficacy of the shield, which
has been checked by other observers, is unknown.
The shield material has good but not unusual mag-
netic properties; its electrical conductivity is
not known.
As it was also desired to neutralize the earth's
field in the region of the sample and as the above
described shield showed a permanent magnetization
transverse to its axis, even after prolonged anneal-
ing above the Curie point, it was decided to design
a shield that would be free from this defect and as
18
nearly perfect in other respects as possible. A search
of the literature 29,30,31 indicated that the shield
should be fabricated of many layers of highly permeable
material separated by paper, so a large quantity of
0.015 inch diameter Swedish iron wire was procured and
wound into fifty layers of 2400 turns each, giving
what should have been the finest shield possible. This
shield turned out to be a colossal failure in all re-
spects, giving in particular what seems indisputable
evidence of transverse magnetization, despite the fact
that it was wound up of 120000 separate turns of wire.
No reasonable explanation of this transverse magnetiza-
tion is apparent.
3. The Vacuum Tube Amplifier.
The extremely small electromotive force variations
induced in the search coil require tremendous magnifi-
cation in order to be sufficient for measurement or
recording. Such magnification is most easily obtained
by the use of a vacuum tube amplifier, but the am-
plifierused must be of the maximum attainable sensitivity.
This means, in effect, that the noise introduced by
statistical variations in the first amplifier tube
("shot effect") must be made as small as possible, a
result to be accomplished only by careful picking of
tubes and adjustment of voltages. It is to be noted
that this requirement is entirely separate from that
of high amplification and that the degree to which it
can be fulfilled is definitely limited by the per-
formance of available vacuum tubes. The lowest noise
intensity at present attainable over a sufficiently
wide frequency band for Barkhausen Effect measurements
corresponds to an amplifier input of 1.5 microvolts
peak.
It was at first thought desirable to use a "direct
coupled" or "direct current" vacuum tube amplifier
in order to record the effect even of rather slow
variations of magnetization. Some weeks of study of
the properties of very sensitive amplifiers of this
sort showed that the maintenance of such an instrument
in operating condition is an extremely difficult, if
not impossible, task. Since the search coil itself
measures rate of change of magnetization only and is
therefore very insensitive to slow variations, the
effort and uncertainty involved in the use of a direct
coupled amplifier did not seem justified. The ampli-
fier finally used is therefore of the usual resistance-
capacity coupled type.
The amplifier circuit diagram is shown in Fig.2.;
the arrangement is quite normal and only a few points
of construction require mention. Of many types of
19
a-1 bias bat. B2 ~~ - 3 0 screen bat. B3 -1,571v late bat.
B 4--v bias bat. B --180v nlate bat. C--0.03 mfd. courling condi.
'---ilot lamp F1 -- 200000 ohm feed resis t or E2 --2 megohm grid res.
3- Tohm -eat-r res. S1 -- copper stage shield S2 -- sheet iron
overall shield T1 --tyoe' 36 vac. tube T2 --type 24 vac, tube
T3 --type 27 vacuum tube
"iring Diagram of Vacuum Tube Amplifier in its Final 7orm.
Fig. 2.
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tubes tried in high sensitivity amplifiers by
Mr. E. A. Johnson of the Department of Electrical
Engineering and the writer, the type 36 (Cunningham
C 336) has proved to be by far the most generally
satisfactory voltage amplifier, both in regard to
noise level and to amplification obtainable with
reasonable battery voltages. The use of wire wound
resistors in at least the earlier stages of such an
amplifier seems to be essential for quietness. Good
mica coupling condensers must be used throughout if
the amplifier is to operate reliably; very slight
condenser leakage can completely ruin the operation
of the amplifier. Separate batteries for each stage
are not absolutely essential, but serve to make re-
generative instability impossible; not more than
two stages may be run safely on one set of batteries.
If the tubes are not of the separate heater type shown
in Fig. 2, a common filament battery can cause
instability.
Careful electrical shielding of the amplifier
and batteries and mechanical insulation of the
amplifier are essential. No electrical disturbance
of the amplifier occurs due to operation near an
X-ray outfit as long as there is no sparking in the
latter, a rather severe test of the electricalshielding.
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The stage shields are hung by rubber bands from a
frame resting on the felt lining of the amplifier
compartment of the outer shield, giving sufficient
mechanical insulation. From observation of the per-
formance of some other amplifiers, it seems likely
that the satisfactory behavior of this one is due in
appreciable degree to the separate paths to a single
ground point-on all circuits. All frequencies from
20 cycles per second to 6000 cycles per second should
be amplified approximately uniformly by this amplifier,
which has been operated satisfactorily at measured
gains ranging from 100000 to 2000000 times.
While it was not developed in time to be of use
in connection with the present work, a simplified
method of amplifier design developed by the writer seems
to be of sufficient usefulness in work of this sort to
be included here. Fig.3 shows the network of a single
stage of a resistance-capacity coupled amplifier;
R and J1 are plate resistance and voltage amplification
of the first tube, R and R plate and grid feed
resistors of first and second tubes respectively and
C and C their plate and grid shunt capacitances,
while C is the coupling capacitance. A solution of
the network of Fig.3 gives
23
A we/e, ZiZ2  (i)
ZiZ2+-(Z1itZ 2 )1Z3+Z4 )
which is equivalent to
,1 /Aml+R/R+R/Rgt Cg/C+RCp/RgC+RCg/RpC
* j(cbRCg *JRCp+ORCpCg/C-1/RgC 
-R/W RgCRp).
Calling
1/R pa1/R+1/Rp, 1/R s=1/R pt1/R p,#zgmR
and letting
Ao~gmRs/(l+Cg/C)
f o2lfRpRg ( CpC+CgC+CpC1 2 (3)
w=.(1+Cg/c) RgC Rp
I.- Rs(CptCgtCpCg/C) RS
equation (2) may be rewritten as
A./Axl+j (f/f o-f, o/f )/w = lt jY/w . (4)
if '9~4 1,9
C
as may be seen by subistitution. This is equivalent to
yuf/fo-fo/f (5)
qs tan-ly/w (6)
JAI/Aecos(tan-ly/w ) (7)
D=20log cos ( tan~1 y/w)] (8)
where f is the phase shift introduced by the stage,
JAI is the magnitude of the amplification and D the
logarithmic (decibel) amplification of the stage.
It is seen then that any resistance-capacity
coupled amplifier stage is characterized by a "mean
frequency, fo, at which a maximum amplification, Ao,
24
Fig. 3.
Circuit of General Resistance
Capacity Coupled Amplifier Stage
Fig. 4.
General Characteristic Curves
of Resistance Capacity Coupled Amplifier
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takes place without phase shift and a "pass banc width",
w, which determines the frequency ratio on each side
of f0 at which a certain drop in amplification (aptroxi-
mately 1/f'2) occurs; all these parameters are simple
functions of the circuit and tube constants. Perfectly
general curves can thus be drawn to represent the be-
havior of any amplifier of this type, individual am-
plifiers being distinguished by different coordinate
scales, determined by the above parameters. Graphs
of equations (6), (7) & (8), the symometrical general
frequency characteristics for all resistance-capacity
coupled amplifiers, are shown in Fig.4. They may be
plotted from trigonometric tables without computation.
The "reduced frequency", y, of equation (5) is equal
to f /f for frequencies much lower tlian f0 and to
f/f. for frequencies much higher than f0, approaching
zero for frequencies approaching f0 .
With a little practice this method greatly
simplifies amplifier design. Desired values of A0 ,
f and w may be approximated by adjustment of dis-
posable circuit constants and the values of the three
quantities finally attained thereby applied to equation
(5) and the graphs of Fig.4 to give complete frequency
characteristics very rapidly.
For amplifiers of the type used in this work, w
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is made as large as possible and only the region of
the maxima in Fig.4 used, but adjustment of the
shunt capacitances Cp and Cg to give small values of
*W can give a broadly "tuned" amplifier. This method
assumes tube linearity and the absence of regenera-
tion and inductive impedances.
4. The Oscillograph.
Two methods are available for the measurement
of the impulses supplied by the amplifier: they may
be rectified and supplied to a slow-acting galvanometer
and their average value read from or recorded by the
latter; or, they may be fed directly to a fast
galvanometer, or "oscillograph", and recorded photo-
graphically thereby. The first method is very con-
venient, but may easily give misleading or erroneous
results, as it gives no indication of the nature of
the disturbance being recorded. To avoid such pit-
falls, it was decided to use an oscillograph in the
present work, while fully realizing the futility of
attempting to record the actual form of the immensely
rapid magnetic variations involved, even if it were
possible to devise a sufficiently rapid amplifier for
them. However, the oscillograph must be capable of
recording extremely rapid variations with sufficient
photographic exposure, and must make the long records
required by low rates of mechanical loading with some
degree of economy. The oscillograph designed to meet
these requirements possesses a somewhat unorthodox
optical system as well as a somewhat novel mechanical
arrangement.
As is well known, the aperture stop or light
limiting opening of an optical system gives rise to
a diffraction pattern which limits the detail attain-
able in images formed by the system. Hardy32 has
shown that, in the case of the oscillograph, the
aperture stop must be the mirror of the galvanometer,
which has to be very small in order to minimize its
moment of inertia. The resulting diffraction pattern
exceeds in width the resolving power of the photo-
graphic film in ordinary oscillographs having a large
galvanometer-film distance, .limiting the precision of
the record by the thickness of the recorded line and
at the same time wasting a great deal of the very
limited light available in the formation of an un-
necessarily large image. The galvanometer-film distance
may be decreased to such a value that the width of the
diffraction pattern is just equal to the resolving
power of the film without reducing the precision of
the record, as the linear scale of the record is
reduced in the same ratio as the thickness of the
recorded line,- while the available light and hence
the exposure at a given recording speed is greatly
increased. The galvanometer full-scale deflection
angle must not be so great that the departure of the
tangent of twice this angle, the recorded quantity,
from twice the angle itself, proportional to the
galvanometer current, is greater than the error due
to the width of the diffraction pattern; thus a
limit is set to the usable film width at small
galvanometer-film distances. A cylindrical lens
system is capable of substituting the width of a
cylindrical lens for the (axial) length of the
galvanometer mirror as aperture stop in this one
direction only, thus increasing the available light
in the recording spot. As the usual type of oscillo-
graph uses a galvanometer-film distance four to eight
times the optimum value, and both the width and length
of film required for a record of given precision and
shape vary directly with this distance, as does the
area of the recording spot from a good cylindrical
lens system, ordinary oscillographs are wasteful
of film by a factor of sixteen to sixty-four, and of
exposure by a factor of sixty-four to over five
hundred. Practically all the considerations in this
paragraph are taken from Hardy's paper.
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The oscillograph used in this work was designed
in accord with the above considerations, subject to
the additional requirements that the film must bear
some sort of timing marks, that it must be possible
to mark the occurrence of two sets of events (stress
and strain variations in tension runs, for example)
on the film and that it must be possible to observe
visually the recording line when not recording while
being able to change over to photographic recording
very rapidly.
The requirements of sufficient exposure and film
economy are met by the use of a small galvanometer-
film distance and 35 mm. motion picture film, the
sprocket perforations in the film serving as timing
marks since the film is driven by a synchronous
motor through a gear train. The event markers used
are small incandescent lamps; they are sufficiently
rapid in action for the work in question and the more
rapid spark is prohibited by the disturbance it would
cause in the amplifier. Viewing is accomplished with
a ground glass and rotating mirror, the change to re-
cording being made by a solenoid removing a deflect-
ing mirror from the light path to the film, the
solenoid being connected in parallel with an electro-
magnetic clutch in the shaft driving the film.
Exterior
Fig. 5.
View of Oscillogramh
Fig. 6.
Interior VIew of Oscillograph
r
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An exterior photograph of the oscillograph is
shown in Fig.5. Across the rear edge of the base
may be seen glimpses of the electrical terminal
panel; in the left rear corner is the synchronous
driving motor and in the right rear corner the de-
tachable camera. This camera is an almost exact
copy of one designed by Mr. C. S. Draper of the
Department of Aeronautics for a similar oscillograph,
in fact it was made from a pattern and set of draw-
ings very kindly loaned the vriter by Tr. Draper.
The three shafts projecting from the camera are,
from back to front: the film supply spool shaft,
bearing a friction brake; the film take-up spool
shaft, bearing a pulley driven by a spring belt
which slips easily when the film is taut, and the
sprocket drive shaft, bearing a pulley to drive the
take-up shaft and a face plate for the magnetic.
clutch. To the left of the clutch plate is the body
of the magnetic clutch, to the left of this a box
containing a 5-thread worm on the motor shaft and
a 72-toothed worm wheel, while at the extreme left
on this line are two of a set of change gears to
give recording speeds of 10,25,50,100 or 250 sprocket
holes per second. Just in front of the clutch is
the friction drive for the rotating viewing mirror.
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At the right front corner may be seen the viewing
opening in the top of the instrument; at the left
front corner is the electrical control panel. bearing,
from left to right, the driving motor switch, record-
ing lamp rheostat with pilot lamp, two event marker
push buttons with pilot lamps, recording control
switch with pilot lamp and galvanometer short cir-
cuiting switch. With the exception of the camera
housing, which is of cast aluminum, the gear box,
which is of sheet.brass, and the base, which is of
3/8 in. sheet aluminum, the entire instrument is
fabricated of 3/16 inch sheet aluminum. The base
is 20 inches long and 10 inches wide. Electricity
is required at 110v, 60C for the driving motor and
at 6v and up to 7a for the lamps and control magnets.
An interior photograph is shown in Fig.6, the
full white line indicating the light path for view-
ing and the dotted line the portion that is different
for recording; the arrows indicate direction of
propagation. Light from a straight filament
Westinghouse oscillograph lamp strikes the lens-
window and mirror of the General Electric permanent
magnet galvanometer, which is the tall, thin,
rectangular object bearing on its face two receptacles
holding the event marking lamps. From the galvanometer
the light goes to the deflecting mirror, just below
the solenoid which raises this mirror out of the way
for recording. For viewing, the light is reflected
upward through a cylindrical lens, the holder of which
may be seen, to be focussed on a ground glass; the
light from the spot on the ground glass is reflected
by the octagonal rotating mirror to a fixed mirror
and thence to the observer. For recording, the light
goes straight from the galvanometer to a cylindrical
lens in the camera and is focussed on the film passing
over a ball bearing recording drum. Film from the
supply spool is drawn over a guiding roll and the
recording drum by a driving sprocket and is stored
on the take-up spool. The detachable camera, provided
with a dark slide, is a light-tight unit for daylight
manipulation. The considerable current required by
the galvanometer is supplied by a conveniently small
output tub.e in the amplifier by the use of an im-
pedance matching transformer which may be seen just
to the left of the galvanometer; this transformer,
in effect, converts the galvanometer into a voltage-
operated device. The use of the transformer is at
least partially justified by the insensitivity of the
search coil to extremely slow magnetic variations
and of the galvanometer to extremely fast current
variations.
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Some examples of the performance of the- amplifier
and oscillograph are shown in Fig.7; the sprocket
holes mark 0.004 second time intervals. Fig.7(a) is
a record of the 60 cycle Institute power at 40 volts
peak applied directly to the oscillograph transformer,
recorded with the oscillograph lamp run at rated
voltage; the record is legible to approximately one
per cent. Fig.7(b), is a record of the noise output
of the amplifier with the input short circuited,
recorded with the lamp run well below rating. Fig.7(c)
is a record of the thermal electron agitation noise
in a 1 megohm wire wound resistor connected to the
amplifier input, made with the lamp run at about 20
per cent excess voltage. Figs.7(b) and 7(c) were
made at an amplification of about one and a quarter
million times. Such a record as that shown in Fig.7(c)
would be practically impossible to obtain with an
ordinary incandescent lamp oscillograph, and quite
difficult even with an arc lamp source. These records
are enlarged about 3- times from the originals.
The entire apparatus, including search coil,
amplifier and oscillograph, has been calibrated by
the use of an artificial dipole, consisting of a
small plane loop of wire (0.25 cm. diameter)
NITRATE FLM
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through which an alternating current can be passed,
placed on the axis of the search coil. It was found
that the search coi2 sensitivity decreases by a
factor of ten as the varying dipole is moved five
centimeters from its center, thus showing that end
effects in the 28 cm. wire samples used can not
affect the Effect measurements. The oscillograph
deflection was found to increase linearly with rate
of change of dipole moment up to a deflection of
9 mm., the rate of increase falling off slightly at
higher deflections. The overall sensitivity of the
apparatus is 0.034 e.m.u. of dipole moment per
second per millimeter deflection, at 60 cycle per
second dipole alternation. A frequency calibration
shows that the sensitivity falls off slowly for
alternation frequencies below 100 cycles per second
and above 6000 cycles per second, showing minor
variations in the range between these values. Each
of the later records made bears a record of 1
megohm thermal noise as a check on amplifier and
oscillograph sensitivity.
5. The Field NeutralizinZ 2Apparatus.
In order to neutralize the earthts magnetic
field some means of setting up an opposing field
is needed, as well as some means of determining
IThe inductor finally used is sketched in Fig.8.
Sliding contacts afe entirely eliminated; the actual
spinning inductor is a heavy copper ring mounted on
pointed phosphor bronze bearings supported by a
bakelite ring. The bakelite ring is free to turn
through a quarter revolution inside a coaxial hollow
brass annulus of square cross section; stops fastened
to a brass retaining ring screwed to the annulus limit
the travel of the bakelite ring. The annulus, which
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the correct direction and magnitude for the opposing
field.
The device used to set up a neutralizing field,
uniform over a long, narrow region, is a solenoid
five inches in diameter and five feet long, wound
with 3000 turns of number 18 B. & S. enameled wire
in two layers. This solenoid is mounted in a yoke
so as to be rotatable about a horizontal axis normal
to its own axis, and the yoke is free to rotate about
a vertical axis. The direction of the earth's field
and its neutralization are best detected by.a spinning
inductor; experiments with an ordinary spinning in-
ductor, however, soon showed the difficulty of
eliminating contact noises, as well as the necessity
of working where varying artificial fields do not
exist.
rass Shield and
Search Coil
ronze Pivot
JozzLes\
Inductor
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Fig. 8
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is split radially to prevent it from forming an
electrical circuit, is filled with a winding of
several thousand turns of fine wire in which
electromotive forces are induced when the copper
ring is spun in a magnetic field, the spin axis of
the copper ring being variable by 90 degrees, though
always in the plane of the search coil, by rotation
of the bakelite supporting ring. The copper ring
is spun about either of its two possible axes by a
pair of jets of compressed gas; speeds of about
100 revolutions per second are easily attained. The
gas turbine drive produces no magnetic disturbance.
The output of the search coil is connected to
the input of the amplifier, and the amplifier feeds
an oscillograph with a gas driven viewing mirror
adjusted to synchronism with the spinner by acoustical
beats. If the viewing mirror has the right number
of faces, it will show a double line, or looped
figure, the return of which to a single straight
line for zero output of the spinner may be very ac-
curately observed. It is believed that this arrange-
ment of the spinning inductor is new, and is much
more sensitive than the older arrangements. Fields
of 10-5 gauss should be quite easily detected, and
fields of 10-6 gauss might be detectable. For
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neutralization of the earth's field the inductor is
mounted in the neutralizing solenoid with the spinner
axis parallel to the solenoid axis and the solenoid
orientation is varied until the oscillograph trace
becomes single, indicating parallelism with the earth's
field; the spinner axis is then turned across the
solenoid and the solenoid current is varied until a
single trace is again obtained, indicating neutraliza-
tion of the earth's field. Of course, such a spinner
can only measure average field over its area, but in
the present case the spinner area is one sixth the
area of the long neutralizing solenoid and so the
field over the spinner area is assumed uniform.
This completes the description of the apparatus
used; almost all of it has been especially designed
and built for the present work, and its behavior
has been quite satisfactory in most respects.
I
Chapter III.
Experimental Results
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Measurements have been made of mechanical
Barkhausen Effect in a number of materials subjected
either to varying tension or varying torsion, using
the apparatus described inthe preceding chapter. The
results of these measurements, as well as qualitative
regularities of behavior noted in the course of the
work, will be here set forth without attempting any
discussion or explanation, except where the required
explanation obviously lies in a peculiarity of per-
formance of the apparatus. The numbers given as
measures of Effect are amplitudes in centimeters of
the envelopes of oscillographic records; the con-
venience of this method of averaging and reading
the records may be seen by a glance at Fig.13, where
some reproductions of actual records are shown. The
numbers thus obtained are of course dependent on the
amplification used, and are not comparable unless al-
lowance is made for this. Sets of values compared
among themselves in this chapter are corrected for
differences in amplification, but values from dif-
ferent sets are not so corrected and should not be
compared. Correction is made from the envelope
amplitude of the 1 megohm shot effect records taken
on every film for calibration. Some sixty oscillo-
graph records have been made, and this chapter is a
condensation of the information which they contain.
Effect is only observable while the sample is
actually being deformed and is, other things being
equal, stronger the more rapid the deformation. It
is not possible to arrest the process of deformation
sufficiently rapidly and completely to reach any
definite conclusion with regard to the existence of
a lag, or continuance of Effect after the deforming
process has ceased; one receives, however, the im-
pression that such a lag does exist.
It seemed desirable to determine as definitely
as possible that a purely mechanical Barkhausen Effect
does exist, requiring the preparation of a magnetically
field-free region for the sample and search coil, and
preliminary tests showed that the preparation of such
a region at the Institute is practically impossible
on account of stray magnetic fields. Therefore, a
trip was made to the Massachusetts Institute of
Technology Radio Research Station at Round Hill with
the amplifier, the field neutralizing equipment and a
Westinghouse Osiso. Driving the inductor and oscillo-
graph mirror from tanks of liquid carbon dioxide and
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using a water rheostat to vary the current in the
neutralizing solenoid, it was possible to free the
region at the center of the solenoid of magnetic
field to within about 10~ gauss. Better neutraliza-
tion was not possible because of lack of precision
in the universal mounting for the shield and because
of inhomogeneity of field due to the proximity of
the steel carbon dioxide tanks. A soft iron sample,
demagnetized by heating to redness in place in the
neutralizing solenoid and deformed by hand, showed
no marked difference in Effect magnitude from that
produced in the full earth's field. Owing to the
difficult conditions under which this work was done,
no other materials than soft iron were tried. The
lack of any material change in effect, even in one
substance, when the field magnetizingthe sample is
decreased from the normal earth's field by a factor
of about 1000 seems good evidence that a purely
mechanical effect exists. It has been taken as
sufficient justification for carrying out the later
work in the full field of the earth.
The measurements made with samples subjected to
tension increasing to values beyond the elastic
limit show definitely that the Effect is an elastic
one. Many of the measurements throughout the work
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were made on wire of unknown composition from the core
of an old induction coil; this material was used be-
cause it was abundantly available and showed the de-
sired Effect particularly well. A set of graphs
typical of the behavior of all the substances tested
under tension is shown in Fig.9. It is seen that the
tension is applied at a very uniform rate, from the
curve of stress against time; the curve of strain
against time shows an initial rapid increase, slowing
to a uniform rate for a region corresponding to elastic
strain,and again a rapid increase when the elastic
limit is passed. The Effect is seen to rise immediate-
ly to a large value and then fall to a practically
constant value during elastic strain, falling further
to a much lower value but not to zero soon after the
beginning of plastic deformation. The record from
which this graph was made continued about a minute
longer until the wire broke, but nothing further of
interest, save occasional isolated bursts of Effect,
occurred. The kinks shown on the Effect graph are
definitely present on the original record; they are
probably largely due to slow oscillations of the load.
Similar records were obtained from various other sub-
stances.
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A set of records was made on a single sample,
iron containing one per cent manganese, at various
rates of loading (tension within elastic limit).
The results are shown in the graphs of Fig.10.
Effect magnitude is here plotted both against rate
of stress and against rate of strain, in case a lag
between the two should appear. It is seen that the
dependence of.Effect on one is quite similar to that
on the other, any lag being inappreciable in view of
the roughness of the measurements. The Effect
evidently increases rapidly, at first, with increasing
rate of strain but less rapidly as the rate of strain
becomes large, tending to a constant value. The
rectilinear portion of these graphs must be regarded
simply as an optimistic attempt to indicate the trend
of the experimental points.
In all cases where records were made in tension
after several load cycles without reannealing the sample,
the Effect was found to be much less than on the first
loading after annealing. Every sample which gave a
perceptible effect under tension gave a fairly strong
Effect upon torsion, perhaps due to the greater rates
of strain attainable. A sample was subjected to repeat-
ed cycles of torsion to definite end points and with
roughly constant angular velocity by twisting it by hand,.
Fig. 11.
SPerkhnusen Fffect vs. Twist for Induction Coil Core '"'ire in
Pepeated Cycles of Torsion by Hand.
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The results of the record made are showm in Fig.ll.
It is seen that the first deformation produces strong
Effect from its very beginning but that the return to
the starting point produces very little Effect and
that only when the starting point is nearly reached.
A repetition of the same deformation cycle produces
very little Effect, but deformation beyond the limit
reached on the first cycle again gives strong Effect
the first time it is produced but not the second
time. A still larger deformation again gives little
Effect until the preceding deformation is exceeded,
and again but little on the return to the starting
point. Finally, a deformation in the opposite
direction from the earlier ones gives very strong
Effect throughout. The horizontal cross-section lines
separate successive half-cycles and their separation
corresponds to 2 cm. galvanometer deflection. The
behavior shown by Fig.ll is very similar to the
hysteresis of magnetic Effect observed by Barkhauseni
and more accurately by Cisman.22
While the records obtained by the use of the
torsion pendulum are much more satisfactory than the
tension records, they are also much harder to in-
terpret. Torsion records were made of all available
samples; some properties of a typical record of Effect
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in induction coil core wire, such as that shown as
Fig.13(a), are shown graphically in Fig.12. From
Fig. 13(a) one sees, remembering that time proceeds
from l-eft to right on the record , that at the end
of a pendulum swing where the rate of strain is zero
the Effect has just become zero and as the next swing
begins Effect does not appear until just before the
center of the swing (marked by the two closest angular
bottom
displacement marks at the/I of the record) is reached,
giving maximum angular velocity and rate of strain.
After the center of the swing the Effect rises rapidly
to a maximum, falling again to zero at the end of
the swing. The Effect envelope amolitude on such a
single swing is shown plotted against rate of strain
in the looped curve of Fig.12; the progress of the
swing being indicated by the arrows. The rate of strain
measured in the case of torsion is the shear occurring
per second in the outer layer of the wire sample. The
looped shape of the graph shows the existence of
hysteresis or lag between Effect and rate of strain.
The maximum Effect amplitude in successive swings during
the decay of vibration of the torsion pendulum is plotted
against the maximum rate of strain in the same swings
in the other two curves of Fig.12, one of which is for
a longer period of the pendulum than the other and
0+ -- Period 15.9 aea.
Over half cycle
Per iod 5.9 see.
Scar irn er aeccon 10
T 4 1T' 1
Dpendenne, of Mechanical IBarkhauser 4f fro t or
Rate of Strair, ir Iruction Coil Core Wire
urdePr Tore ior.
Fig. 12.
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hence for a greater pendulum swing for given rate of
strain. It is seen that the increase in Effect with
increasing rate of strain is not simple and shows the
same falling off at high rates of strain as was found
for tension, though in this case amplifier overloading
accounts for some part of the falling off. It is
apparent that the Effect for a given rate of strain
increases with increasing total strain.
A considerable number of substances were measured
both in tension and in torsion and their behavior was
found generally similar for the two types of strain;
Table I. shows a summary of the results for different
materials subjected to torsion. Not all results in
this table are strictly comparable with one another
as the samples do not all have the same diameter nor
was it convenient to make all tabulated measurements
for the same rate of strain and total strain. However,
the table does show that a range of materials of very
widely different magnetic properties shows a variation
of mechanical Barkhausen Effect over a range of less
than fifty to one. Alloys of iron containing
18,20 or 27 per cent of nickel, all practically
non-magnetic, show no observable Effect. The first
four materials in the list show little or no Effect
before annealing, while they are hard from cold working,
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Table I.
Mechanical Barkhausen Effect
in Various Substances under Torsion
Material
Fe + 25& Si
Wire Period,
dia.cm. Sec.
0.102 8.0
Rate of Shear,
max. per sec.
4.2 x 10-4
Barkhausen
Effect, ma.
3.0
Fe + 1% Mn
Fe + 35% C0
Fe + 78-5A Ni
Ni
Stove Pipe
Wire
Piano Wire
(annealed)
Induction Coil
core Wire
0.102
0.102
0.102
0.102
0.118
0.093
0.087
Swedish Iron
(1400 gm.pend.)0.042
Swedish Iron
(70 grn. pend.) 0.042
6 .
7.0
7.4
6-3
3.6
5-4
7.7
3-94.5
4.2
4.1
11.5
24.6
0.45
0.65
0-3
1-5
0.7
0.75.4
0-55
7.4 313
5-8
1-3
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and hard steel piano shows a barely observable but
not measurable Effect for very rapid torsion. Nickel
shows no Effect under pure tension but a weak Effect
under torsion, where compression is also present.
The effect of simultaneous tension in decreasing the
Effect observed on torsion is well shown by the three-
fold increase in Effect in Swedish iron wire produced
by reducing the mass of the pendulum from 1400 to 70
grams. It seems to be possible to say, in general,
that large mechanical Barkhausen Effect is favored by
high permeability, positive magnetostriction, mechanical
softness and large iron content.
A considerable assortment of peculiarities is
exhibited by the records obtained; some of the more
typical of these properties are shown in Fig.13.
Successive swings (in opposite directions) from the
same record are shown in Fig.13(a) and (b); it may
be seen that the envelope shapes are quite different,
as was often the case. Permalloy (iron 21.5 per cent,
nickel 78.5 per cent) gives rise to a crackling type
of Effect not observed in other materials which is
shown by Fig.13(c) to be due to large isolated dis-
continuities. All magnetic materials tested are ex-
tremely sensitive to mechanical vibration, giving
when vibrating very large apparently continuous
T, i g . ],; 
TTyptcsl Encords of !-,,rol- anical
Ir-a-l-khausen 
-!.- Pect
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magnetic variations; the question of whether the
variations have the vibration frequency or its first
octave has not been investigated. These vibration
effects are strongest for permalloy and nickel, of the
substances tested, and Fig.13(d) shows the effect of
very slight vibration on an otherwise satisfactory
record for permalloy. Most substances show a tendency
to preponderance of large jumps in one direction on
the torsion records, as illustrated for Swedish iron
by Fig.13(e), while the smaller jumps seem to occur
equally in both directions. This bias is probably
the effect of the earth's field; its direction reverses
with that of the angular velocity of the pendulum. The
light marks in the margin of these films are those made
to measure the angular position of the pendulum in tenths
of a radian; they are read from the relatively sharp
leading edges.
It was hoped that it might be possible to measure
permalloys of zero and slightly negative magnetostriction
(that used has a slight positive magnetostriction) and
a ferrocobalt of phenomenally high positive magnetostric-
tion, but it has not yet been possible to obtain the
samples. It is hoped that it may be possible in the
near future to measure the dependence of Effect on
sample diameter in a single material.
Attempts at determining the dependence of Effect
on temperature with the present apparatus have not been
successful, as a result of the mechanical and thermal
disturbance produced by the thermocouple which must be
attached to the sample to measure its temperature. The
temperature read from the thermocouple is not reliable,
as the region at which the thermocouple touches the
sample is visibly cooler than the rest of the sample
when the latter is at a red heat. However, if samples
are heated above their Curie temperature region and
allowed to cool, the Effect, absent at the highest
temperatures, reappears quite suddenly during cooling
and does not vary markedly during the further course
of the cooling to room temperature. The temperature
of reappearance of Effect, as measured by the
thermocouple attached to the middle of the sample, is
32500. for nickel and 5200C. for permalloy; the
available heating current was not sufficient to pass
the Curie region with the thermocouple in place on
other substances. The Curie temperature for nickel
is about 500C. above the temperature measured by the
disturbing thermocouple; the Curie temperature of
the permalloy used is unknown to the writer.
The smallest measurable discontinuities correspond
to a rate of change of dipole moment of 0.017
electromagnetic units per second, and the largest
observed discontinuities to a rate of change of
about 1.3 units per second.
Since the above was written, the data in Table II.
following have been received. The values of initial
permeability are not to be considered accurate, as
they were taken for other conditions of heat treat-
ment than the air anneal used in this work, but they
are of the right order of magnitude. The magnetostriction
values are for saturation.
Wire
Nickel
78.5%Ni-21.
35/Co-65%Fe
2%Si-98%Fe
1%Mn- 99%Fe
Swedish Iro
Table II.
Magnetic Properties of Some of the
Samples Used
Initial
Permeability Magneto
60 ?
5%Fe 4000
200
400
250
n 240
3triction x 106
-38
5
57
Chapter IV.
Ferromagnetic Theory
Before attempting to discuss the possible
significance of the results of the present experiments,
it is necessary to set forth briefly some of the more
important ideas and results of present day ferromagnetic
theory. This exposition attempts no pretence of com-
pleteness, on account of the great amount of detail
which a complete exposition would necessarily contain.
A very interesting and comprehensive but already
somewhat outmoded review of theories of ferromagnetism
is that written by McKeehan38 for the Reviews of
Modern Physics. The writer is quite unable to accept
the interpretations placed by the reviewer on some
of the original papers, but is greatly indebted to
this review in the preparation of the following
material.
As a starting point, it may be well to set down
some of the experimental facts which the theory must
include. Beside the generally known properties of
ferromagnetism in general in technical materials,
which are very complex but must some day be explained
there are rather striking properties exhibited by
single crystals of pure ferromagnetic materials
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11,33,34,35,36,37 and by ferromagnetic wires under
tension19 ,53 . Sufficiently perfect single crystals
show no coercive force, remanence or hysteresis but
have very large initial susceptibility in some
directions (for iron (100), for nickel (111), for
hexagonal cobalt (1000)) and discontinuously variable
susceptibilities in all directions and their magnetiza-
tion deviates in direction from the applied field.
While the saturation magnetization does not depend on
direction, the shape of the magnetization curve and
the energy required for saturation are markedly
direction-dependent. The magnetostriction of single
crystals is also a function of direction. These are
properties of media having vanishingly small interior
stresses; the other extreme, that of extremely strong
uniform stresses has only been investigated very
recently and is still an almost virgin field of very
great promise on account of the simplicity of the
effects obtained. For wires under large tension, it
is found that positive magnetostriction gives a com-
pletely discontinuous longitudinal magnetization pro-
cess while negative magnetostriction gives a completely
continuous process, both cases having rather simple
properties, as in both the entire sample behaves as a
single magnetic unit. There are of course also the
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numerous results of experiments on Barkhausen Effect
to be explained.
The existence of the directional stability
characteristic of ferromagnetism implies a large
negative internal energy of orientation, which is
given up as heat on cooling a ferromagnetic material
through the Curie region. Lately it has been possible
to formulate a reasonable atomic theory of the nature
of this energy, as has been done by Heisenberg
The Heisenberg theory interprets the magnetic energy
essentially as interaction energy between coupled
wave systems, the electrons of the crystal lattice,
and finds energies of the right order of magnitude
if the electrons of each lattice atom are closely
coupled to a sufficient number of neighbors. Other
workers have examined the question of which electrons
in the atom are responsible for ferromagnetism, Bloch 40
blaming the conductivity electrons and Slater,41,42
seemingly with better reason and more success, those
of uncompleted inner shells.
Another school of theory grants the existence of
this energy, without very careful regard to its nature,
and studies its properties by classical mechanical
and thermodynamical methods. It is this branch of the
theory which is of importance in the interpretation of
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experimental results and hence which will be considered
particularly here. The first step taken toward such
a theory was, as is well known, made by Sir J. A. Ewing
in 1890 when he showed that a plane square mesh of
free to turn
small bar magnets possessed saturation, remanence,
coercive force, hysteresis, continuous and discon-
tinuous changes in magnetization, the last mentioned
being one large Barkhausen jump. Unfortunately, this
model cannot give correct quantitative results, as
the coercive force cannot have the right relation to
the other quantities. Also, a cubic space lattice of
parallel oriented point dipoles -the generalization
of the Ewing picture- is energetically isotropic and
so shows none of the stability of orientation characteristic
of ferromagnetisn. The next attempt, the "molecular
field theory" of Weiss 4 4 , which represented the inter-
action energy, not necessarily magnetic, as a
"molecular field" to be added to the applied magnetic
field in carrying through the statistical calculation
of Langevin, showed the possibility of ferromagnetic
stability below a certain critical temperature which
is called the Curie temperature. This theory required
any magnetically homogeneous body be magnetized to
saturation without applied magnetic field, at all
temperatures below the Curie point, the magnetization
having no directional stability. Thus, the exis.tence
of the unmagnetized state implies magnetic inhomogeneity
of ferromagnetic media, even single crystals, such
media being supposed composed of magnetic "domains",
each always magnetized to saturation but with the
magnetization vector oriented at random, the effect
of an applied magnetic field being to line up these
vectors. Directional stability was supplied to this
model by arbitrarily introducing an anisotropic
interaction energy, giving coercive force and hysteresis
as well as direction dependence of the magnetization
curves. This theory gives the correct temperature
dependence of magnetic intensity at saturation, but
requires such a large interaction energy that the
source of this energy is not to be found in any
classical way, and was unknown until the work of
Heisenberg revealed it as electron coupling. A good
discussion of this early work is to be found in
E. C. Stonerts "Magnetism and Atomic Structure".
Recently, Akulov 5 2 has shown that the observed
facts of intense magnetic anisotropy and vanishing
hysteresis loss in single crystals are inherently
incompatible on the assumption of domains spontaneous-
ly magnetized to saturation in which the only possible
change is a rotation of the magnetization vector.
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This seemingly inescapable conclusion follows from
the fact thatreversal of the magnetization of such
a domain must occur by the rotation of its magnetiza-
tion vector from a position of minimum energy to one
of maximum energy, the subsequent fall to the new
stable position being accompanied by a very large loss
hysteresis
of coherent energy or loss. He showed that
the Weiss or Heisenberg theory holds only for the
limiting case of magnetic saturation, and no attempt
should be made to apply it to the magnetization process.
The recent theories may be regarded as refinements
of the Ewing theory, not greatly dissimilar to that
which Ewing45 himself has suggested. Akulov4 6 realiz-
ing that magnetostriction constitutes a distortion of
the lattice structure, and indeed a distortion depend-
ent on direction of magnetization, calculated the
magnetic energy of a distorted cubic lattice of
parallel dipoles, obtaining a function of the strain
components and the direction of magnetization. This
magnetic distortion energy he then added to the
elastic strain energy of the regular lattice and by
minimizing the sum, found the stable magnetostrictive
strain as a function of direction of magnetization.
A troublesome additive constant caused Akulov to
consider only difference in magnetostriction due to
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magnetization in two different directions. For such
differences, he found astoundingly good qualitative
agreement with experiment and quantitative disagree-
ment by a factor of about two. The writer has found
an apparent error of a factor of two in Akulovts
evaluation of his equations, giving when corrected
quantitative agreement between theory and experiment.
As it is perhaps the most important result of the
recent theoretical work, a derivation (due to Becker)
of the magnetic energy of a distorted cubic lattice
will be given here.
For a cubic lattice of spacing a
)(=al YO=A V z-*= a(1)
where 1,m,n are lattice point indices which are
all even or all odd for iron (body-centered) and
all even or two odd and one even for nickel (face-
centered). If the lattice is subjected to a homo-
geneous strain E , the radius vector to any lattice
point changes by
SY=E (E l!2?etc.) (2)
or, in Cartesian coordinates
Y c'r +EO-.%t6 3n (2a)
Z Va~il+ 631"+ 3 %
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Two parallel magnetic dipoles having moment )
and making an angle 4 with the line of length r
joining them have a mutual magnetic energy
Li= /f y3(1- 3 C os' (3)
For the undistorted cubic lattice the energies
referred to the dipole at the origin are
LA0  ~y;,-.. 3(t~ ~ n ~ ) ~ (3a)
where are direction cosines ofA' with respect
to the crystal axes and are constant throughout a
lattice of parallel dipoles. To find the total
magnetic lattice energy, U0  must be summed over
all lattice points except the origin and from
symmetry
and
+ +V ' 1L 1;Li + +I - 1 o 
w
Thus, it may be seen that the energy of an undeformed
cubic lattice of parallel dipoles vanishes. Express-
ing cosf in the direction cosines and differentiating
(3) gives
U 6 UO ~. + 3 Z'X K+YJ
21O+Y Y7-ft(3b)
x/r( X~ qtz)(OS(S i s 4Jh
as the energy of the dipole 1,m,n of the distorted
lattice with respect to that at the origin. The
energy density of a lattice of N points per unit
volume is N/2 times the sum of (3b) over all points
except the origin. Beside those mentioned, lattice
sums of the type
21 a nd+ -7/1
and
+4
1+ _______
appear when (3b) is expressed in terms of the strain
components and summed over the lattice. The final
result of the summation is
where
and N/A =,4.I for iron or 2.1I for nickel.
Is is saturation magnetization, 1700 for iron and 480
for nickel; S=0.27 for iron and 0.4 for nickel.
This form of energy function gives difference in
longitudinal magnetostriction for magnetization in
different directions 1 and 2
(4)
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r
1 (5)
where the constant C may be calculated from the
properties of the material. Introduction of the
stable magnetostrictive strain components into
(4) and the expression for elastic energy gives a
total magnetostrictive energy having the same
direction dependence as shown in-(5) for the
longitudinal magnetostriction, though this fact
seeins not to have been mentioned in the literature.
This distortion energy is roughly of the order of
lo3 ergs/cm3 . for saturation magnetostriction.
Mahajani4 examined the energy of an undis-
torted lattice of regions of rather general pole
distribution, retaining terms up to those represent-
ing quadrupoles. In a regular lattice, the dipole
term disappears, as shown above, and the quadrupole
term yields a saturation energy of the form
+ AA.2,(6)
which is of the same form as the magnetostrictive
energy. Such a lattice has directions of "easy"
and "hard" magnetization (energetic anisotropy) and
so tends to magnetize in a direction other than
that of the applied field, this direction being found
by minimizing the sum of internal quadrupole energy
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= C L(a~e1 8471+YtL~I)1 . (c ~A4~,~t))
7.1
and external field energy H*I. The correct de-
pendence of transverse magnetization component on di-
rection of magnetization is found, and the measured
transverse magnetization serves to evaluate the co-
efficient K. If magnetic dipoles are spinning electrons,
as seems at present almost certainly the case, magnetic
quadrupoles are such electrons moving through the region
of an atom; a calculation of atomic diameter from K
determined by experiment gives the right order of
magnitude. Mahajani examined his results on the basis
of a molecular field theory, and found that they could
be so represented but required a more complicated form
of molecular field energy than that used by Weiss. It
does not seem to have been realized that this form is
just that obtained by Heisenberg! Akulov 4 8 showed
that the quadrupole energy with K determined from
transverse magnetization gives just the observed di-
rection dependence of energy required for magnetization
to saturation; K is about 2 x 105 ergs/cm3 . The values
of quadrupole moment derived from transverse magnetiza-
tion measurements and from energy anisotropy measure-
ments agree to about one per cent at 4.50 x 10-29
e.m.u.49, in the same direction as the dipole moment.
Akulov 5 0 emphasized the fact that
aef saturation magnetostriction, saturation energy, field
required for a given magnetization and transverse H1all
effect all have the same direction dependence in cubic
ferromagnetic single crystals, although he was able
to assign no theoretical reason for this observed be-
havior in the case of the Hall effect,
Becker51 , reexamining the distorted cubic lattice
of point dipoles, obtained results similar to those of
Akulov for magnetostriction except that he neglected
to take differences and so had trouble from a neglected
additive constant. He then pointed out that technical
materials., in contrast to the strain free single crystals
discussed by Akulov and Mahajani, are always in a very
marked state of strain, and applied the expression (4)
above to the calculation of magnetic properties for
the case of large constant strains. While the details
of his method (using the usual process of energy minimi-
zation) are somewhat doubtful, his results are very
interesting. He found, in complete agreement with
general observation, that soft or slightly magnetostrictive
materials should have high initial susceptibility and
coercive force, while the opposite should hold for
hard materials, the coercive force calculated for very
hard materials having the right order of magnitude.
He was also able to give a qualitative explanation of
the work of Preisach19 and Forrer10 on the production
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of large discontinuities in magnetization by mechanical
strain. Becker 5 3 later studied theoretically the
magnetic properties of a polycrystalline medium sub-
jected to strong homogeneous strain and found them
to be almost unbelievably simple. Such a medium shows
no remanence, coercive force, hysteresis or Barkhausen
Effect and has a constant permeability inversely pro-
portional to the strainif the material has negative
magnetostriction and is measured in the direction of
a tension. These results were directly verified ex-
perimentally by Kersten53 to a very good approximation.
This seems to substantiate a belief of the writer that
if ferromagnetic theory for strained crystals were re-
ferred to strain axes rather than crystal axes a sim-
plification in form would result. Becker's work de-
pends, however, on his assumption of spontaneously
magnetized domains, leading inevitably, as has been
mentioned above, to excessive hysteresis losses of the
order of at least 105 ergs/cm 3 ,
Akulov 5 4 has used Becker's concept of the importance
of initial mechanical stresses in technical materials
to build up a physical picture of the magnetization
process which seems valuable. In studying the curves
of Fig.14, taken from Akulov's article for use in ex-
plaining his picture, it is most convenient to imagine
Fi. 2. (Fig. 3.
Fig. 14.
Akulov's Curves of Magnetization
Energy in a Magnetostrictive Substance
7 0
Fig. 1.
a
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the point representing the condition of the body .ef-
e44dQ;r& as a bal having weight but no massrolling on
the curves and seeking a minimum. Fig.14(a) shows the
(quadrupole) energy, T, of an iron single crystal,
determined from the data of Honda Diotted against the
magnetization and also shows the work, A, done by mag-
netostriction if the crystal is magnetized under the
influence of an external force. It will be seen that
the unstrained crystal has only one energy minimum,
that at zero magnetization, hence can have no remanence.
If now the single crystal be considered as one grain
of a polycrystalline body, subjected to constraints
due to neighboring crystal grains, both curves are
typical in shape of every crystal grain, but the work
A now joins T as internal energy of the body and Fig.
14(a) yields Fig.14(b) for the polycrystalline body.
It is seen that two new minima, separated from the
original one by maxima, have appeared; they represent
positive and negative remanence. If now the external
energy of the body in a magnetizing field of strength
H be added to its internal energy, as must be done in
seeking equilibrium conditions, the curve of Fig.14(b)
is sheared through an angle of tangent H to give the
curves of Fig.14(c). Remembering that varying the
applied field simply varies the tilt of the entire
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curve, the magnetization process can easily be com-
pletely followed mentally from a study of this figure.
All necessary properties both of initial curve and
later loops are present, including remanence, coercive
force, continuous and discontinuous changes in magne-
tization and a hysteresis loss (Q in the picture per
half cycle) of the right magnitude. The last result
follows because the magnetization of each domain passes
through zero in reversing its direction. The effect
of varying stresses is to vary the depth of the extra
minima. The more useful but less clear case of con-
stant internal strain, in place of the constant in-
ternal stress just discussed, was shown by Akulov
to lead to similar results. He concluded that small
strains and small magnetostriction would permit the
production of a practically hysteresis - free substance,
and cited permalloy. He also showed that a critical
range of strains could produce an hour glass hysteresis
loop of normal hysteresis losses but very small reman-
ence and coercive force, such as is the case with the
alloys known as perminvars.
Beginning the attack on polycrystalline media,
Akulov55 pointed out that once the direction dependence
of any property of a single crystal is known analytically,
its average value in an assembly of randomly oriented
single crystals may easily be computed. He then com-
puted such an average for any quantity X depending on
direction in the manner of quadrupole energy, and found
X( oo 1) e (7)
Using this result to compute transverse Hall effect,
magnetostriction and magnetizing field as functions
of magnetization in electrolytic iron, from data on
iron single crystals, an excellent check was obtained.
Returning to single crystals, Akulov 56 ,57 has
calculated magnetization curves of high precision and
rough curves of magnetostriction as a function of mag-
netization. For this purpose, he has divided the mag-
netization process into two parts, ano"inversion process"
in which electron moments snap from one direction of
easy magnetization to another and a "rotation process"
in which the magnetization vector of a coherent domain
is turned smoothly toward the direction of the applied
field. In a perfect crystal the inversion should be
completed at an infinitesimal applied field and the
calculations have been corrected for the deviation of
real crystals from this condition by the use of a
measured magnetization curve for a direction of easy
magnetization. The method is to write equation (5)
above using
ctfct
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and to differentiate with respect to I to find the
value of H for a given value of I. Remarkable agree-
ment with experiment is obtained without the use of
any disposable constant whatsoever. The use of two
processes immediately provides the discontinuity of
susceptibility required by experiment. An apparent-
ly unstable portion of the turning process may serve
to explain the small Barkhausen discontinuities re-
cently observed by Bozorth and Dillinger20 in iron
near saturation. Using the same two processes and the
same direction dependence, but assuming the coefficient
C of equation (5) above to be independent of magnetiza-
tion, idealized magnetostriction curves of roughly
correct properties, including a roughly correct Villari
point, have been found. All the above work is essentially
isothermal, at absolute zero, and Akulov has succeeded
in calculating absolutely from other properties a mag-
netostriction for electrolytic iron at absolute zero
which agrees surprisingly well with extrapolation from
the experimental range.
Heisenberg58 has made a very similar calculation
of magnetization curves and magnetostriction, except
that he has used probabilities where Akulov assumed
equipartition of domains among equivalent axes. The
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results are very similar, Akulov's giving a slightly
better agreement with experiment. Heisenberg regards
the form of Akulov's original equation for direction
dependence of magnetostriction, which reduces to equation
(5) above, as immediately obvious from symmetry considera-
tions. He criticized sharply Akulov's ideas as expressed
in Fig.14, but the writer, after careful study, can
only suppose that the criticism arose from a misap-
prehension of the meaning of the original paper.
Finally, Akulov 5 9 has extended his theory of mag-
netization curves in single crystals to the case of
very high magnetizing fields where the rotation pro-
cess is practically complete and a new process, the
purely paramagnetic one of lining up strayed electrons
against the disturbing effect of heat motion, has begun.
He has calculated a susceptibility compounded of the
effects of these two processes.
Briefly, the recent advances in magnetic theory
may be described as follows. Heisenberg has found a
reason for the existence of ferromagnetism in electron
interaction in crystals. Akulov has shown the proper-
ties of ferromagnetic, cubic single crystals to be
rather completely explicable on the basis of magnetostrict-
ive deformation and quadrupole moment of the magnetic
dipoles, the latter idea being due to Mahajani, and
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has applied the results of his work to some problems
in polycrystalline media with considerable success.
Becker has shown that the effect of strains in techni-
cal media is not beyond the reach of theory. These
advances seem to be but the opening events in a new
and fruitful period of progress in ferromagnetism.
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Chapter V.
Discussion of Results. Suimnary.
The first problem that arises in considering
mechanical Barkhausen Effect is the nature of its
origin. The solution of this problem seems to lie
in the picture presented in Fig.14. In even the soft-
est of technical ferromagnetic materials, some strain
must still be present, meaning that some regions will
have the possibility of a stable remanent magnetization
as in Fig.14(b), and some of these regions will actual-
ly happen to be magnetized to the remanent value. These
magnetized regions will be surrounded by a strong local
field, putting surrounding regions in the condition
shown by Fig.14(c). If now the mechanical strains in
the material be varied, the depth of the energy minima
shown by the curve will vary and points originally
stable at such points as a or f may become unstable
and fall to e, producing a Barkhausen jump, as tension
in a direction of positive magnetostriction or com-
pression in a direction of negative magnetostriction
is increased or decreased. This seems a plausible
origin of the Effect, and becomes more plausible as
the number of properties of the Effect which it supplies
is realized.
F-
The local field of a magnetized domain must be
extremely strong, and this strength suffices to ex-
plain the lack of change in Effect produced by neutral-
izing the field of the earth. Also, this local field
must be extremely inhomogeneous, as must the strains
in fine grained material, so that the regions chang-
ing their magnetization as a unit must be much small-
er in mechanical Barkhausen Effect than in the more
uniform case of magnetic Barkhausen Effect. As the
saturation magnetization of iron is about 1700
electromagnetic units per cm3 . and the observed
Effect varied from 0.017 to 1.3 e.m.u./sec., one may
assume the correctness of the result of Preisach that
such jumps' take place in not more than 5 x 10-8 sec.
and calculate that the volume which would need to
reverse its saturation magnetization to give the
observed jumps is,very roughly indeed, from 2.5 x 10-13
cm3. to 1.9 x 10-11 cm3 . This is to be compared with
Bozorth's result of from 1.0 x 10-9 cm3 . to 4.5 x 10-8
cm3 . for magnetic effect. The relative volumes are
in something like the correct ratio to explain the
difference in magnitude of the two effects.
It is also to be noted that, when the application
of a certain strain has caused the magnetization of
many domains to reach a deep energy minimum in Fig.14(c),
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the mere removal of this strain will not be sufficient
to reverse the process and that therefore a reapplica-
tion of the original strain will produce but little
Effect. This picture corresponds to the observations
shown in Fig.ll, beside supplying a reason for the
observed fact that Effect is less on later unidirection-
al load cycles than on the first cycle after annealing.
Very hard material, having high internal strains froz-
en into it and therefore having very deep energy minima,
may be expected to be quite insensitive to additional
strains and this is exactly the condition found. Tension
produces no minima in the energy curve of materials
of negative magnetostriction, so any Effect in nickel
should appear only in torsion, as is also the case.
A uniform tension may be expected to stabilize the
magnetic condition of a sample, thereby causing such
a diminution of Effect produced by torsion as is
shown by Swedish iron. In a very soft material of
fairly high permeability, where only small energy
minima exist, a small external field may be expected
to produce a uniform tendency for relatively large reg-
ions to magnetize in one direction upon deformation,
a behavior shown in Fig.13(e) for Swedish iron, the
softest material tested.
Since elastic strain does not tend to increase
during plastic deformation and the plastic deformation
process breaks up the crystal grains in the material
being deformed, there are two reasons for expecting
Effect to vanish or decrease during plastic deformation.
However, in actual materials plastic deformation does
not begin in all small regions at the same time, and
a certain "strain hardening" tends to cause some in-
crease in elastic strains during plastic deformation,
so that Effect may be expected to linger in a sample
which as a whole has just begun to deform plastically,
and never to vanish entirely during plastic deformation.
This is the behavior shown by the Effect curve of Fig.9;
if any of the kinks in this curve are not due to load
oscillation, it is felt that they may be accounted for
by the occurrence of plastic deformation and strain
hardening in small regions of the samrple within the
effective range of the search coil. Initial mechanical
strains in some samples, not removed. by the mild anneal
given, are probably the cause of the behavior shown
in Figs.13(a) and 13(b) which show that the period of
the Effect cycle is the full period rather than the
half period of the torsion pendulum.
When an attempt is made to correlate Effect mag-
nitude with rate of straining or with composition and
magnetic properties of sample, much less success is
attained. Since an increase in Effect with rate of
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strain occurs in certain regions of Effect magnitude,
it is to be supposed that, within limits, rapid
straining tends to make strain distribution inhomo-
geneous and so promote larger discontinuities in
larger regions than those produced by less rapidly
varying, more uniform strains. On the other hand,
statistical superposition of discontinuities occurring
at random with opposite signs must produce a decrease
in observable Effect as increased rate of strain in-
creases the frequency of occurrence of discontinuities;
this is probably the cause of the falling off of the
increase in Effect at high rates of strain shown by
the curves in Figs.lO and 12. No clear dependence
of Effect on sample material or properties has been
found except that the sample must be mechanically
soft and must have a permeability of a ferromagnetic
order of magnitude. Until more is known of the mean-
ing of "permeability" in connection with discontinuous
magnetic processes, the writer prefers not to accept
Bozorth's results regarding the influence of eddy
currents and no eddy current corrections have been
applied to any of the results of this work. The
Akulov theory as used above indicates that Effect
should vary as magnetostriction if the sign of the
deformation is correct (torsion gives equal tension
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and compression), yet the strongly negatively magneto-
strictive nickel gives much less Effect than the weak-
ly positively magnetostrictive ferroranganese. No
reason is known for the appearance of strong isolated
discontinuities, even on the normally quiet part of the
torsion cycle, in permalloy only. In particular, no
reason is known for the very strong and apparently
continuous variations of magnetization noticed in all
materials of reasonable permeability (but absent in
82-18-, 80-20 and 73-27 ferronickels), particularly
permalloy and nickel, when vibrating. These vibration
tones have been noticed by almost all observers of
Barkhausen Effect but are not troublesome unless the
mechanical condition of the sarfple is being varied
and so have received little attention. Being dis-
tinctly magnetic, they are seemingly not similar to
the tones observed by v. Hippel and Stierstadt24 ,25 ,
Appearing most strongly in permalloy and nickel, they
may be considered very roughly as proportional in
magnitude to the product of initial permeability and
magnetostriction.
This work, having served to outline the more
striking properties of magnetic variations produced
by purely mechanical influences and to account
qualitatively for some of these properties, has mainly
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resulted in showing very clearly the extreme complex-
ity of such processes and hence the present inadvisa-
bility of further study along the same lines. In the
present state of knowledge of magnetism, the further
study of magneto-mechanical relationships may probably
best be pursued along the lines laid down by Preisach1 9
and Becker and Kersten53  Their work, indicating the
possibility of preparing bodies much simpler and more
homogeneous magnetically than even strain free single
crystals by subjecting samples to large homogeneous
strains seems full of promise for the future study
of ferromagnetism.
Summary.
A review of the history of the study of discon-
tinuous magnetic processes in ferromagnetic media
shows the need of further knowledge of such processes
produced purely by mechanical deformations. So a
very sensitive apparatus has been made and oscillo-
graphic records of magnetic disturbances produced by
tension and torsion of several substances have been
obtained. Such disturbances persist even in well
demagnetized samples not subject to appreciable ex-
ternal magnetic fields. They are distinctly connect-
ed with elastic deformation, but show a very marked
hysteresis. They are far more dependent on the
84
mechanical condition of the sample than on its composi-
tion and vanish when a sample is heated above its Curie
point. In all cases the mechanically produced mag-
netic disturbances are much smaller than the discon-
tinuities of the magnetization process itself. A study
of contemporary ferromagnetic theory reveals a surprizing-
ly satisfactory picture of the nature of the processes
involved. An examination of the energy of magnetiza-
tion of a deformed magnetostrictive body yields a
qualitative explanation of the dependence of the mechan-
ically produced disturbances on. mechanical condition
and external field. No explanation is found of the
effect of rate of mechanical deformation and of com-
position, nor of the existence of strong continuous
magneto-mechanical processes.
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